The current state of the art of photovoltaic (PV) irrigation systems is limited to PV peak powers below 40 kWp, which does not cover the irrigation needs of farmers, co-operatives, irrigator communities, and agro-industries. This limitation of power is due to two main technical barriers: The quick intermittence of PV power due to the passing of clouds, and the maladjustment between PV production and water needs. This paper presents new solutions that have been developed to overcome these barriers and their application to the design and performance of a 140 kWp hybrid PV-diesel system for the drip irrigation of 195 ha of olive trees in Alter do Chão, Portugal. The performance of the solutions was analysed during two years of real operation. As the performance of the PV system is not only affected by intrinsic-to-design characteristics, but also by circumstances external to the system, new performance indices were developed. As an example, the percentage of use of PV electricity, PVS H , was 78% and 82% in 2017 and 2018, respectively, and the performance ratio of the PV part, PR PV , was 0.79 and 0.80. The economic feasibility was also analysed based on experimental data, resulting in savings in the levelized cost of electricity of 61%.
Introduction
Diesel generation typically supplies electricity at about 3.5 kWh per liter, which represents a fuel consumption cost of around 0.3 €/kWh. Meanwhile, photovoltaic (PV) electricity prices have declined below 0.1 €/kWh [1]. Thus, PV hybridization with pre-existing diesel-based irrigation systems is becoming increasingly attractive, as pointed out by several authors in [2] [3] [4] [5] .
The history of PV water pumping to provide drinking water or to irrigate starts in 1973, when Dominique Campana coordinated the installation of the first one in Corsica, France, including a Guinard DC pump fed by Philips PV modules [6, 7] . However, from this first experience till now, the PV pumping technology has been limited to less than 40 kWp of peak power (the power at standard test conditions, STC [8] ). For example, the most important PV pumping programs in the 70's were reviewed by Newkirk [9] , who indicated that the biggest one was a 25 kWp in the USA. Between 1979 and 1981, the United Nations Development Program implemented a pilot project to test and evaluate PV pumping systems, with powers ranging from 100 Wp to 300 Wp, used in small-scale irrigation systems in Mali, the Philippines, and Sudan [10] . Between 1977 and 1990, around 200 systems were
The Alter Do Chão Irrigation System

The Pre-Existing Only-Diesel System
The yearly and daily evolution of the electric power requirements of the irrigation system needs to be deeply understood to address the PV system design. The pre-existing system ( Figure 1a ) was made up of two centrifugal pumps (Caprari MEC-MRS 100-2D 45 kW) fuelled by a 250 kVA diesel generator through a soft-starter and a 55 kW frequency converter (FC). The power of the diesel generator changes from year to year because it is rented to an external company that provides different models according to the availability. This is the reason for its oversized power. The farm has no access to the grid, so the electricity is only provided by the diesel generator.
The first pump is always kept at a nominal frequency (50 Hz) while the second one is controlled by the FC in such a way that the water pressure at the water outlet to the plants, p 1 , is kept constant at 5.7 bar. Since the water filter at the input of the irrigation network progressively becomes clogged with water impurities, the pressure at the output of the pumps, p 2 , and, in turn, the AC power demand, P AC , increases over time. There is also a filter cleaning device (fcd) that automatically reverses the water flow (from the output to the input of the filter) when the differential pressure at the filter, p 2 -p 1 , reaches 1 bar until the filter becomes clean. That typically happens once an hour and takes 5 min. During such short cleaning periods, the p 1 suddenly decreases (because water is used for cleaning and not to irrigate the plants) and, consequently, P AC increases up to a certain limit imposed by the Figure 1b shows this cycling evolution of p 1 , p 2 , and P AC . In addition, the system also includes a fertirrigation device, which is not included in the figure.
Energies 2018, 11, 3538 4 of 24 by the FC. Figure 1b shows this cycling evolution of p1, p2, and PAC. In addition, the system also includes a fertirrigation device, which is not included in the figure. On the other hand, the pipe network is divided into seven different irrigation sectors covering areas corresponding from 27 ha to 30 ha and requiring water flows from 217 m 3 /h to 244 m 3 /h. The irrigation period (IP) is typically from May to October. Each day, every sector is activated sequentially and consequently the water flow varies from 217 m 3 /h to 244 m 3 /h following a timetable which is drawn up weekly by the operator responsible for the irrigation in accordance with the water needs of the olive trees (related to the difference between the evapotranspiration and the rain). It must be understood that, for a given volume of water, the irrigation time is a consequence of the section of the pipe network. This is implemented practically by means of an irrigation controller (Agronic 4000, from the Spanish company Progrés, Lleida, Spain), which automatically commands the shifts of the irrigation sectors and the diesel generator. This way, the daily irrigation time varies from week to week and the PAC required varies throughout the day in accordance with the different water requirements of the activated sector (this variation is in addition to the cycling behaviour due to the (a) Pre-existing irrigation system configuration: The electric power at the output of the diesel generator, P AC , is controlled to keep the hydraulic pressure constant at the input of the irrigation network, p 1 . Black and blue lines represent the electricity and water, respectively. (b) Cycling evolution of the AC power (P AC ) and pressure (p 1 and p 2 ) due to water filtering and filter cleaning periods.
On the other hand, the pipe network is divided into seven different irrigation sectors covering areas corresponding from 27 ha to 30 ha and requiring water flows from 217 m 3 /h to 244 m 3 /h. The irrigation period (IP) is typically from May to October. Each day, every sector is activated sequentially and consequently the water flow varies from 217 m 3 /h to 244 m 3 /h following a timetable which is drawn up weekly by the operator responsible for the irrigation in accordance with the water needs of the olive trees (related to the difference between the evapotranspiration and the rain). It must be understood that, for a given volume of water, the irrigation time is a consequence of the section of the pipe network. This is implemented practically by means of an irrigation controller (Agronic 4000, from the Spanish company Progrés, Lleida, Spain), which automatically commands the shifts of the irrigation sectors and the diesel generator. This way, the daily irrigation time varies from week to week and the P AC required varies throughout the day in accordance with the different water requirements of the activated sector (this variation is in addition to the cycling behaviour due to the filter cleaning system). The key information to bear in mind is that, apart from the power peaks associated to the filter cleaning requirements, the P AC varies from 70 kW to 80 kW of stable power due to the different power demands of the sectors. The intensive cultivation of olive trees usually has its maximum water demand in July (around 500 m 3 /Ha), which obliges the irrigation operator to schedule approximately 2.5 h of irrigation per shift, per day. The irrigation lasts 17 h/day during this month, longer than the daily sun hours. Figure 2 shows an example of the weekly irrigation scheduling for a typical year. The figure also shows the sunlight hours, which are sometimes shorter than the irrigation schedule. This is the main reason for using a hybrid, i.e., not only PV, irrigation system. filter cleaning system). The key information to bear in mind is that, apart from the power peaks associated to the filter cleaning requirements, the PAC varies from 70 kW to 80 kW of stable power due to the different power demands of the sectors. The intensive cultivation of olive trees usually has its maximum water demand in July (around 500 m 3 /Ha), which obliges the irrigation operator to schedule approximately 2.5 h of irrigation per shift, per day. The irrigation lasts 17 h/day during this month, longer than the daily sun hours. Figure 2 shows an example of the weekly irrigation scheduling for a typical year. The figure also shows the sunlight hours, which are sometimes shorter than the irrigation schedule. This is the main reason for using a hybrid, i.e., not only PV, irrigation system. The water inlet to the pumps is made up of a 300 m 3 regulation tank (about one and a half hours of consumption) which, in turn, receives water from an external dam. In years with severe droughts, water is often restricted. These restrictions can affect both the daily volume and availability throughout the day. Sometimes water is not only scarce, but mainly available at night.
It is worth commenting that this pre-existing irrigation system is a representative case of the complexity of the irrigation infrastructures of modern agro-industries constituting the potential market for large-power PV irrigation systems.
The Hybrid PV-Diesel System
Inspired by concepts of the diffusion of innovations theory [41] , we tried to minimise the technical risk perceived by the irrigation operator, applying a methodology of design of the new hybrid PV-diesel system, which contains the following steps:
1. The previous existing irrigation system and the new final PV-diesel hybrid irrigation system were defined; 2. to determine the novelty level, a comparison between the systems defined in the previous step was performed, recognizing the differences that are most significant, and determining the novelty level by analysing to what extent they will be seen by the users as an advantage or a disadvantage; and 3. a final design of the new PV hybrid irrigation system was established, aiming to reduce, as much as possible, the novelty level, especially in those aspects that could be seen as a disadvantage by the users.
Following this methodology, the PV system design adheres to three main considerations. First, the pipe network and the irrigation scheduling are fully preserved. Consequently, and according to The water inlet to the pumps is made up of a 300 m 3 regulation tank (about one and a half hours of consumption) which, in turn, receives water from an external dam. In years with severe droughts, water is often restricted. These restrictions can affect both the daily volume and availability throughout the day. Sometimes water is not only scarce, but mainly available at night.
1.
The previous existing irrigation system and the new final PV-diesel hybrid irrigation system were defined; 2.
to determine the novelty level, a comparison between the systems defined in the previous step was performed, recognizing the differences that are most significant, and determining the novelty level by analysing to what extent they will be seen by the users as an advantage or a disadvantage; and 3.
a final design of the new PV hybrid irrigation system was established, aiming to reduce, as much as possible, the novelty level, especially in those aspects that could be seen as a disadvantage by the users.
Following this methodology, the PV system design adheres to three main considerations. First, the pipe network and the irrigation scheduling are fully preserved. Consequently, and according to Figure 2 , a stand-alone PV is not enough and the hybridization with the pre-existing diesel system is required (possible changes in the pipe network to reduce the irrigation hours per day are not economically feasible). Second, hybridization in the hydraulic part of the system was implemented (to reduce as much as possible the operation of the diesel motor) by means of a 140 kWp PV generator, a new pump identical to the pre-existing ones (motor-pump 3), and two additional 55 kW FCs (two Omron 3G3RX-A4550 acting as PV master FC and PV slave FC), as Figure 3 shows. A contactor was added to enable the change of energy source of the motor-pump 2 that can now be fed by the PV or diesel generators. We have also implemented an emergency button to allow the quick disconnection of all this new equipment, thus restoring the original "only diesel" configuration to obtain the confidence of the irrigator operator. This third pump could be avoided, but it allows a better uniformity of the irrigation in the transition between operating modes, a requirement strongly required by the irrigation operator, even though this additional pump barely affects the economic feasibility of the new system. Figure 2 , a stand-alone PV is not enough and the hybridization with the pre-existing diesel system is required (possible changes in the pipe network to reduce the irrigation hours per day are not economically feasible). Second, hybridization in the hydraulic part of the system was implemented (to reduce as much as possible the operation of the diesel motor) by means of a 140 kWp PV generator, a new pump identical to the pre-existing ones (motor-pump 3), and two additional 55 kW FCs (two Omron 3G3RX-A4550 acting as PV master FC and PV slave FC), as Figure 3 shows. A contactor was added to enable the change of energy source of the motor-pump 2 that can now be fed by the PV or diesel generators. We have also implemented an emergency button to allow the quick disconnection of all this new equipment, thus restoring the original "only diesel" configuration to obtain the confidence of the irrigator operator. This third pump could be avoided, but it allows a better uniformity of the irrigation in the transition between operating modes, a requirement strongly required by the irrigation operator, even though this additional pump barely affects the economic feasibility of the new system. Third, to maximize the use of PV energy and therefore to minimize the diesel consumption, three operating modes were available: "Only PV" (Pumps 1 and 2 fed by the PV generator), "Hybrid" (Pump 1 fed by the PV generator and Pump 3 connected to the diesel generator), and "Only Diesel" (Pumps 2 and 3 fed by the diesel generator). Table 1 includes the ON/OFF status of the main components of the system in each case. The rotation between these modes follows the dynamics of the PV power available in accordance with the threshold values established in Figure 4 . In practice, the ISC and VOC of a reference module are used for measuring the PV operation conditions: In-plane irradiance, G, and cell temperature, TC. Then, the available PV power at the output of the FC, PAC, is calculated [42] by a dedicated programmable logic controller (PLC) as:
where P* is the nominal power of the PV generator; is the ratio real power versus nominal power of the PV generator, which includes the losses due to mismatching, dirtiness, and ageing of the PV generator; ηT = 1 + γ(Tc − Tc*) is the thermal efficiency of the PV generator (γ is the power temperature coefficient of the PV modules, G is the effective irradiance on the PV generator, Tc is the cell temperature, and Tc* is the cell temperature at standard test conditions, i.e., 25 °C); and / is the efficiency of the FC. Third, to maximize the use of PV energy and therefore to minimize the diesel consumption, three operating modes were available: "Only PV" (Pumps 1 and 2 fed by the PV generator), "Hybrid" (Pump 1 fed by the PV generator and Pump 3 connected to the diesel generator), and "Only Diesel" (Pumps 2 and 3 fed by the diesel generator). Table 1 includes the ON/OFF status of the main components of the system in each case. The rotation between these modes follows the dynamics of the PV power available in accordance with the threshold values established in Figure 4 . In practice, the I SC and V OC of a reference module are used for measuring the PV operation conditions: In-plane irradiance, G, and cell temperature, T C . Then, the available PV power at the output of the FC, P AC , is calculated [42] by a dedicated programmable logic controller (PLC) as:
where P* is the nominal power of the PV generator; η P is the ratio real power versus nominal power of the PV generator, which includes the losses due to mismatching, dirtiness, and ageing of the PV generator; η T = 1 + γ(T c − T c *) is the thermal efficiency of the PV generator (γ is the power temperature coefficient of the PV modules, G is the effective irradiance on the PV generator, T c is the cell temperature, and T c * is the cell temperature at standard test conditions, i.e., 25 • C); and η DC/AC is the efficiency of the FC. It must be noted that the threshold for changing from the "Only PV" to "Hybrid" modes is somewhat higher than the required stable P AC (80 kW). This is necessary to assure the stable behavior Energies 2018, 11, 3538 7 of 24 of the system. As revealed, during the initial tests, below this value, the surge in power demand due to the cleaning of the filters often translates into control instabilities. It must be noted that the threshold for changing from the "Only PV" to "Hybrid" modes is somewhat higher than the required stable PAC (80 kW). This is necessary to assure the stable behavior of the system. As revealed, during the initial tests, below this value, the surge in power demand due to the cleaning of the filters often translates into control instabilities. It must be noted that the threshold for changing from the "Only PV" to "Hybrid" modes is somewhat higher than the required stable PAC (80 kW). This is necessary to assure the stable behavior of the system. As revealed, during the initial tests, below this value, the surge in power demand due to the cleaning of the filters often translates into control instabilities. The system is carefully monitored by means of one-minute records of: G, Tc, DC power (PDC), p1, water flow, AC frequency, voltage, and current of each FC. The system is carefully monitored by means of one-minute records of: G, T c , DC power (P DC ), p 1 , water flow, AC frequency, voltage, and current of each FC.
The PV Generator
The PV generator design obeys two key ideas. First, a horizontal axis tracker was selected because it provides a good adaptation between solar radiation availability and water needs [32] . This is for two different reasons. On the one hand, the daily profiles of G are reasonably constant during the IP, which obviously matches well with the constant power requirement of drip irrigation. An in-depth look at the constancy of irradiance profiles has been published previously [43] . On the other hand, the yearly evolution of daily irradiation is better adapted to the water required by the plants with this tracker than with a fixed structure facing to the equator [38] . In fact, during the IP, to pump the same water volume with both structures, the peak power of the static needs to be twice the one of this tracker [43] .
Second, the size of the PV generator was selected so that on clear days, the PV generator suffices for powering all the irrigation system at midday on the equinox days, which is used as the limits of the irrigation period. Figure 6 shows the daily profile of G, for the equinox and for the summer solstice. Note that due to the irradiance profile of this tracker, G remains equal to or larger than the midday value, G md , during 9 h in the equinox and 11 h in the summer solstice. Then, assuming the irradiance on a surface perpendicular to the Sun is G* = 1000 W/m 2 and ignoring the diffuse component, the G md on these days is given by:
where ϕ is the latitude of Alter do Chão. Now, introducing (2) into (1) and making reasonable assumptions for η P = 0.96, η T = 0.9, and η DC/AC = 0.95, this assures that P AC ≥ 80 kW leads to P* ≥ 125 kWp. For reasons of modularity (PV modules of 250 Wp, strings of 20 modules, and trackers with 7 rows), the final P* was established as 140 kWp. 
The "Passing-Cloud" Algorithm
To avoid sudden instabilities in the FC due to PV power intermittences caused, for example, by passing clouds and, furthermore, to avoid changes of operation modes from "Only PV" to "Hybrid" or even to "Only diesel", which requires an excessive number of starts of the diesel generator, control algorithms have been developed to support these intermittences without the need of batteries. The design criteria of excluding batteries is because of their high cost, which reduces the economic feasibility of the system, and also because batteries are unreliable devices in the system, reducing the robustness of the whole system. FCs in PV irrigation systems usually have routines for tracking the maximum power point voltage of the PV generator (that is the same as the voltage of the DC bus of the FC) to maximize PV production [18, 44, 45] . Furthermore, they control the operating voltage of the PV generator and the frequency of the centrifugal motor-pump with a proportional-integral-derivative controller (PID) [46] . The DC voltage was regulated to have the maximum output frequency. The PID parameters were tuned to allow a stable and fast response against changes in the available PV power [44] . This 
To avoid sudden instabilities in the FC due to PV power intermittences caused, for example, by passing clouds and, furthermore, to avoid changes of operation modes from "Only PV" to "Hybrid" or even to "Only diesel", which requires an excessive number of starts of the diesel generator, control algorithms have been developed to support these intermittences without the need of batteries. The design criteria of excluding batteries is because of their high cost, which reduces the economic feasibility of the system, and also because batteries are unreliable devices in the system, reducing the robustness of the whole system. FCs in PV irrigation systems usually have routines for tracking the maximum power point voltage of the PV generator (that is the same as the voltage of the DC bus of the FC) to maximize PV production [18, 44, 45] . Furthermore, they control the operating voltage of the PV generator and the frequency of the centrifugal motor-pump with a proportional-integral-derivative controller (PID) [46] . The DC voltage was regulated to have the maximum output frequency. The PID parameters were tuned to allow a stable and fast response against changes in the available PV power [44] . This tuning is a balance between a fast response and stability: The faster the response, the greater the probability of having instabilities when the available PV power changes. So, when, for example, a cloud passes over the PV generator, producing an intermittency in the PV power, the PID controller may not be fast enough and a specific algorithm is needed to avoid the instability and its corresponding abrupt stop of the FC and the associated water hammers and overvoltage between the frequency converter and the motor-pump, which reduces the lifetime of the system [37] . The control algorithm consists of the following steps:
Fast detection of an irradiance fluctuation by monitoring the DC voltage in the internal DC bus of the FC. When a cloud passes, the DC voltage decreases and if it goes down below the minimum DC voltage allowed by the FC (typical 400 V), an undervoltage alarm is activated and the FC stops abruptly. Therefore, to avoid it, when the DC voltage goes down below 500 V, Step 2 is activated. The speed of the detection is crucial, so it is necessary to have a feedback control signal without delay. Standard FCs offer feedback signals with delays in the range of 100 ms, which is excessive for reacting against an irradiance fluctuation. So, in our system, a direct and fast sensor of the DC voltage has been added to the FC; 2.
once the fall in irradiance is detected, the PID controller is switched-off and power regeneration in the centrifugal pump is produced by reducing its frequency to keep the DC-bus voltage of the FC stable. This avoids any abrupt stop of the FC since it eliminates the occurrence of undervoltage errors; and 3.
the PID controller is restored with the original parameters for normal operation at this new frequency. If the cloud has not passed in one minute, a soft controlled stop is done. 
Operation Scenarios
The annual performance of the PV hybrid system is very dependent on the corresponding water availability [47] , which typically varies between two extremes.
On the one hand, an optimistic scenario defined by the absence of water restrictions. Then, the plant's water needs are fully covered and water is available throughout the day (the system can only work in either the "Only PV" or "Hybrid" modes). On the other hand, a pessimistic scenario, defined by severe water restrictions. Then, water provision to the plants is restricted to assure survival and minimum production. Table 2 shows the result of combining water availability and PV potential for these two scenarios. The details of the water restrictions in these scenarios have been suggested by the previous experience of the irrigator operator. PV energy, EPV; volume of water pumped by the PV and by the diesel, and , respectively; and the diurnal working time, WTday, in "Only PV" or "Hybrid" modes are given for each month and for the full irrigation period. It is worth noting that the figures for these scenarios are restricted to the irrigation period and daytime. Additional water can be pumped by diesel during the night, but this has been disregarded here because it is not related to PV hybridization. Simulations have been carried out with a freely-available software tool called SISIFO [48] . Solar climate data are as given by PVGIS [49] and corresponding daily irradiance profiles were derived using SISIFO, by selecting the Erbs model [50] for the decomposition of monthly global values in direct and diffuse components, the Collares-Pereira and Rabl model [51] were selected to derive the instantaneous irradiance from daily irradiation values, and the Perez model [52] was 
On the one hand, an optimistic scenario defined by the absence of water restrictions. Then, the plant's water needs are fully covered and water is available throughout the day (the system can only work in either the "Only PV" or "Hybrid" modes). On the other hand, a pessimistic scenario, defined by severe water restrictions. Then, water provision to the plants is restricted to assure survival and minimum production. Table 2 shows the result of combining water availability and PV potential for these two scenarios. The details of the water restrictions in these scenarios have been suggested by the previous experience of the irrigator operator. PV energy, E PV ; volume of water pumped by the PV and by the diesel, V PV m and V diesel m , respectively; and the diurnal working time, WT day , in "Only PV" or "Hybrid" modes are given for each month and for the full irrigation period. It is worth noting that the figures for these scenarios are restricted to the irrigation period and daytime. Additional water can be pumped by diesel during the night, but this has been disregarded here because it is not related to PV hybridization. Simulations have been carried out with a freely-available software tool called SISIFO [48] . Solar climate data are as given by PVGIS [49] and corresponding daily irradiance profiles were derived using SISIFO, by selecting the Erbs model [50] for the decomposition of monthly global values in direct and diffuse components, the Collares-Pereira and Rabl model [51] were selected to derive the instantaneous irradiance from daily irradiation values, and the Perez model [52] was selected for transposition from horizontal to in-plane diffuse irradiances. The Martinez shading model [17] was also used in this simulation, the soiling and ground reflectance were established at 2% and 0.3, respectively, and the simulation time step was 1 min. Regarding the ambient temperatures, the simulation tool could generate the time series using a cosine type interpolation model. Table 3 includes some other parameters of the simulation. Table 2 . PV energy and volume of water pumped (from PV and from diesel) in the optimistic and pessimist scenarios for "Only PV" and "Hybrid" modes. Diurnal working hours are also given for "Only PV" and "Hybrid" modes with the threshold of 95 kW to transit between these two modes. Note that water restrictions in the pessimistic scenario mean that only 39% of the PV potential was finally used.
Optimistic Scenario
Month
Performance Indices for Hybrid PV-Diesel Systems
This section proposes a set of indices for qualifying the design and operation of a general PV-diesel hybrid system. First, the energy balance is described in Figure 8 and quantified by means of three ratios defining the PV share (PVS), the PV performance (PR, the index most used by the PV community, [53] ), and the hydraulic efficiency (η Hyd ), respectively. The following equations apply:
where E PV and E d are the energy supplied by the PV generator and the diesel generator, respectively, E Hyd is the hydraulic energy, and η Hyd is the efficiency of the hydraulic system. The following comments apply. where EPV and Ed are the energy supplied by the PV generator and the diesel generator, respectively, EHyd is the hydraulic energy, and ηHyd is the efficiency of the hydraulic system. The following comments apply. On the one hand, from the PV engineering point of view, the two operational modes involving diesel are different. In the case of systems designed for being powered mainly by PV during the daytime, the "Only Diesel" mode becomes relevant mainly at night-time and is somewhat out of PV's concerns. On the other hand, the "Hybrid" mode only occurs during daytime and is directly related to the design of the PV system. Therefore, it is interesting to distinguish between a PVS characteristic of the overall operation, which is of interest to the user, and a PVS H characteristic solely to the "Hybrid" mode. That can be easily done by defining a hybrid diesel ratio, HDR, as:
where and are the energy supplied by the diesel generator in the "Hybrid" and "Only Diesel" operation modes, respectively. Then, Equation (4) can be rewritten as:
and:
Furthermore, the PR is widely used in general PV environments and provides an indication of both the technical quality of the PV system's equipment and the efficient use of the available irradiation. It is interesting to distinguish between irradiation losses for three essentially different reasons: The non-irrigation period, the intrinsic characteristics of the PV system design, and the external circumstances. For that, multiplying and dividing by the same factors, the PR could be expressed as follows:
where IP is the irrigation period determined by the crop and its water needs; Guseful is the available useful irradiance during the IP determined by the relationship between the P*, the PV generator structure, and the type of irrigation system-water pool or constant pressure; and Gused is the irradiance effectively used by the system. To clarify these concepts, G during IP GIP, Guseful, and Gused are shown in Figure 9 for a constant pressure system, like that analyzed in this paper. It can be shown that GIP is the total irradiance during the irrigation period determined by the water needs of the olive trees (Figure 9a) . Guseful is the irradiance required to deliver the 80 kW needed to pump at a constant pressure of 5.7 bar (Figure 9b ). It is worth noting that with irradiances below Guseful, it will not be able On the one hand, from the PV engineering point of view, the two operational modes involving diesel are different. In the case of systems designed for being powered mainly by PV during the daytime, the "Only Diesel" mode becomes relevant mainly at night-time and is somewhat out of PV's concerns. On the other hand, the "Hybrid" mode only occurs during daytime and is directly related to the design of the PV system. Therefore, it is interesting to distinguish between a PVS characteristic of the overall operation, which is of interest to the user, and a PVS H characteristic solely to the "Hybrid" mode. That can be easily done by defining a hybrid diesel ratio, HDR, as:
where E H d and E O d are the energy supplied by the diesel generator in the "Hybrid" and "Only Diesel" operation modes, respectively. Then, Equation (4) can be rewritten as:
where IP is the irrigation period determined by the crop and its water needs; G useful is the available useful irradiance during the IP determined by the relationship between the P*, the PV generator structure, and the type of irrigation system-water pool or constant pressure; and G used is the irradiance effectively used by the system. To clarify these concepts, G during IP G IP , G useful , and G used are shown in Figure 9 for a constant pressure system, like that analyzed in this paper. It can be shown that G IP is the total irradiance during the irrigation period determined by the water needs of the olive trees (Figure 9a ). G useful is the irradiance required to deliver the 80 kW needed to pump at a constant pressure of 5.7 bar (Figure 9b ). It is worth noting that with irradiances below G useful , it will not be able to pump because the required pressure would not be reached and irradiances higher than G useful will be partially wasted because the system works at constant pressure. Finally, G used is the part of G useful that has been used effectively due to the availability of water and the irrigation scheduling (Figure 9c ). In this last figure, the irradiance from 7 am to 14 pm was wasted due to the irrigation scheduling or the lack of water during this day and not because of technical problems in the PV system or the needs of the crop. Now, it is possible to rewrite Equation (9) as:
where:
This is the PR considering only losses strictly associated with the PV system itself, i.e., actual versus nominal peak power, dirtiness, thermal, and DC/AC conversion losses. It is intrinsic to the technical quality of the PV component and its maintenance.
This is the ratio of the total irradiation throughout the irrigation period to the total annual irradiation (Figure 9a ). It is intrinsic to a given crop. Note that it is one if the analysis is done on a month inside the irrigation period.
This is the ratio of the irradiation strictly required to keep P AC equal to the stable AC power requirement (80 kW, see Section 2.1) to the total irradiation throughout the IP (Figure 9b ). It is intrinsic to the PV irrigation system design; specifically, it depends on the type of irrigation system (direct pumping or pumping to a water pool), the ratio between the PV peak power and the stable PV power required for irrigation, and on the tracking geometry.
This is the ratio of the irradiation required to keep P AC stable during the irrigation scheduling to the same irradiation during the IP.
Finally, when the PV system is hybridized with already existing diesel facilities, as in the Alter do Chão case, the diesel-efficiency, which is usually expressed in terms of the specific fuel consumption (liters per kWh), which is not a matter for the PV engineer and can be disregarded.
It might be thought that using as much as nine indices for describing the performance of a PV system is just too complex. However, we think this is in coherence with the intrinsic complexity of large modern irrigation and not particularly cumbersome to implement within the automatic control frame characteristic of this type of irrigation. Moreover, it must be understood that the set of these nine indices constitute a general evaluation frame that becomes reduced for simpler irrigation. For example, for stand-alone PV systems pumping to a water pool throughout the year, which is likely the most commonly imagined PV pumping system, E d = 0; PVS = 1, UR IP = 1, and UF EF = 1. Hence, the relevant indices are just the PR and UR PVIS .
= d d
This is the ratio of the irradiation strictly required to keep PAC equal to the stable AC power requirement (80 kW, see Section 2.1) to the total irradiation throughout the IP (Figure 9b ). It is intrinsic to the PV irrigation system design; specifically, it depends on the type of irrigation system (direct pumping or pumping to a water pool), the ratio between the PV peak power and the stable PV power required for irrigation, and on the tracking geometry.
This is the ratio of the irradiation required to keep PAC stable during the irrigation scheduling to the same irradiation during the IP.
(a) (b) (c) Figure 9 . Graphical representation of the different irradiations considered: (a) G IP is the irradiation during the irrigation period, (b) G useful is the useful irradiation during the IP determined by the design of the PV irrigation system; and (c) G used is the irradiation used effectively by the system. Table 4 shows the values of the performance indices for the two scenarios. At first glance, one can expect a higher PVS H in the optimistic scenario, although this does not happen because the lower the number of irrigation hours, the higher the PVS H (if the irrigation is centered at midday).
Performance Indices for the Two Scenarios
The annual PR for the optimistic scenario was 0.37, while that for the pessimistic scenario, was 0.15. These values might be surprising when considering typical values in the grid connection, which is currently the most extended PV application, range from 0.75 to 0.90 [54] [55] [56] [57] . However, it must be understood that the economic framework of grid and diesel electricity generation differs considerably. The typical cost of diesel electricity is about 0.3 €/kWh. Thus, assuming that the PV electricity cost for being competitive in a grid connection is about 0.05 €/kWh, it is easy to deduce that PV can compete with diesel electricity for PR > 0.8/(0.3/0.05) = 0.13. A detailed analysis shows that the PR PV is similar in both cases; the UR IP is lower in the pessimistic scenario due to the low use of the system both on a monthly and daily basis; the monthly UR PVIS is the same in both cases since this index is only related to the design of the PV irrigation system. Finally, the UR EF is 1 in the optimistic scenario since the system maximises the use of PV, which does not happen in the pessimist scenario. The η Hyd remains unchanged. 
In-the-Field Performance
Commissioning of the System
Commissioning tests were carried out after the PV system was set up in 2016. A visual and infrared inspection of the PV arrays and characterization of the energy behaviour of the main system components (STC power of the PV generator, and FCs and motor pumps efficiencies) were carried out. Table 5 summarizes the key results in comparison with the expectations established at the design phase. The hydraulic efficiency was 5% lower than expected (45% versus 50%). Possible reasons are related to the filter cleaning dynamics and with a slightly improper position of the pumps due to some space restrictions. We are investigating this point further. Despite the system being in routine and proper operation since 2016, full monitoring data are only available from 2017.
Real Performance in 2017
A brief analysis of the 2017 irrigation campaign is presented. It was critically influenced by a very dry year [58] (yearly pluviometry 46% less than the average [59] ). Due to this lack of water, the system only worked for 94 days totalling 943 h (from the end of April to the end of September), which represents 66% less than what it could work according to its potential. Note that in the months of August and September, the system only pumped for 85 h (37 h in August and 48 h in September, 89% less than the optimistic scenario). Tables 6 and 7 show the results in a similar way to Tables 2 and 4 , respectively, in this case, for the real data measured on the farm. The volume of pumped water was 68% less than the optimistic scenario and very similar to that of the pessimistic one. The main difference between the pessimistic scenario and the real data was that in the latter, the "Only Diesel" mode was included due to water restrictions during the sunlight hours, which obliges the user to irrigate during the night. In this case, real data on the irradiance and cell temperature were considered and for this reason, the UR PVIS was different from that obtained in the scenarios. The annual values of PVS and PVS H were 0.49 and 0.78, respectively (lower than in the scenarios due to the use of the system during the night, leading to an UR EF of 0.29), and the η Hyd was 0.46 (lower than before for the reasons explained in Section 4.1).
Real Performance in 2018
The system was also monitored throughout the current irrigation campaign (2018). In this case, water restrictions were not affecting the campaign (the daily mean working time was between 9 and 16 h), but a problem in the fertirrigation system from May to July negatively affected the performance of the system. Since there was the need to minimize the transition between the operating modes, irrigation was done mainly during the night. The real operational data and the performance indices are presented in Tables 8 and 9 , respectively.
The month of August deserves attention. It is the only month in which the system was working without external influences. In this month, the system worked, on average, 16 h per day. This implies that the "Only Diesel" mode is needed since the system needs to run also during the night. Even so, the number of working hours in the "Only PV" mode was similar to the one of the optimistic scenario (which supposes 11 h of irrigation per day, 7.7 h in the "Only PV" mode. Furthermore, it is interesting to verify that the obtained indices are very close to the ones of the optimistic scenario. For example, the PVS H was 0.82 (versus 0.85 in the optimistic scenario) and the PR was 0.56 (0.08 higher than in the optimistic scenario due to the higher UR PVIS , which was equal to 0.68 in 2018 and to 0.57 in the scenario).
Finally, the hydraulic efficiency should be discussed. The obtained value (0.55) was greater than expected (0.50) and higher than the one measured during the characterization of the system (0. 45) and during 2017 (0.46). A possible explanation to this can be related with the water source-in 2018, more water was available and it was cleaner than before (which decreased the losses represented in Table 5 due to both "cleaning and other" and "filter"). Finally, the good performance of the passing-cloud algorithm was monitored. As an example, Figure 10 shows one of the events. As can be observed, the irradiance decreased by 36% in just 1 min but the frequency only varied 2%, avoiding any stop. Finally, the good performance of the passing-cloud algorithm was monitored. As an example, Figure 10 shows one of the events. As can be observed, the irradiance decreased by 36% in just 1 min but the frequency only varied 2%, avoiding any stop. 
Discussion of the Results
Two main aspects should be discussed. First, the values of the PR are surprising when they are compared with the values of PR published in the literature for PV grid-connected systems. For example, reference [42] reports literally, regarding PV grid-connected systems, that "reported experimental PR values range from 0.65 to 0.8" while the values measured in this PV irrigation system ranged from 0.11 to 0.22. A fast, but understandable, conclusion would be that large-power PV irrigation technology is just starting and the technology is not mature yet. However, this conclusion is erroneous because the reason of the differences of performance between these two PV applications is not the quality, but the system in which they are integrated. The grid where PV systems are connected is normally very reliable and, therefore, every kWh produced by the PV generator can be injected. So, any difference between the potential and real production is only a responsibility of the 
Two main aspects should be discussed. First, the values of the PR are surprising when they are compared with the values of PR published in the literature for PV grid-connected systems. For example, reference [42] reports literally, regarding PV grid-connected systems, that "reported experimental PR values range from 0.65 to 0.8" while the values measured in this PV irrigation system ranged from 0.11 to 0.22. A fast, but understandable, conclusion would be that large-power PV irrigation technology is just starting and the technology is not mature yet. However, this conclusion is erroneous because the reason of the differences of performance between these two PV applications is not the quality, but the system in which they are integrated. The grid where PV systems are connected is normally very reliable and, therefore, every kWh produced by the PV generator can be injected. So, any difference between the potential and real production is only a responsibility of the quality of the PV system. On the other, in the case of the PV irrigation systems, even if they are of very high quality, there are many situations in which, although a kWh could be produced by the PV generator, it cannot be generated. Some situations are related to the hydraulic system: If the irrigation network works at a constant pressure and water flow (like drip systems), that is to say, at constant power, the PV generator will just produce this power, even if the irradiance at this moment would allow a higher PV power. Other situations are related with the water needs of the crop: If a certain crop requires irrigation from May to September, the PV power during the rest of the months will be wasted, even if the PV generator is able to produce. Finally, other situations are related to the lack of water or the behaviour of the farmer: If the farmer decides to irrigate from late in the afternoon till midnight, the PV system will be stopped during the major part of the day. Therefore, we have proposed three different utilization ratios for these three groups of situations. Note that, for example, the utilization ratio related with the third situation mentioned above, UR EF , was 0.29 in 2017 and 0.44 in 2018. It can be seen that, due to lack of water or to the use of the farmer, the PV system worked just 29% and the 44% of the time that it could have worked. These figures are similar to the ones published in the literature for PV irrigation systems. For example, [60, 61] do not report PR values, but energy efficiencies of the PV irrigation systems of 1.2%-5.25% and 3.26%-4.41%, respectively. If the efficiency of the PV module is eliminated from these figures, the reported efficiencies are 8%-35% and 21.7%-29.4%.
The second discussion is related to the ways of improving these PR values, which is the same as improving the values of the different utilization ratios:
• UR IP was related with the irrigation period of the crop. In this PV irrigation system, it had a value of 68% in 2017, i.e., the system was not working during one third of the year. This value could be enlarged growing crops not only during the summer, but in spring and autumn. Training of the farmers for this strategy should be done.
• UR PVIS was related with the design of the irrigation network that, in this case, was based on drip systems that work at a constant power. This led to a value of this factor of 69% in 2017. The improvement of this factor is only possible by changing the irrigation network. Efforts for smart designs of the irrigation networks from the energy point of view can be found in the literature [62] [63] [64] . This would require a control strategy to select the most appropriate combination of irrigation sectors according to the availability of PV power.
• UR EF was related to the use of the PV irrigation system. In this system, it took a value of 29% in 2017. The main means to improve this value are two-fold: To assure water sources with enough capacity to avoid events of a lack of water and to train farmers to plan the irrigation schedules centered at midday.
Economic Analysis
Experimental data of diesel consumption and water use are available for the irrigation campaigns of 2016 and 2017 (this data is measured by ELAIA operators and, consequently, were not dependent on the monitoring system installed with the PV part of the system). Irrigation in both years was very different due to the previously mentioned lack of water in 2017. On the other hand, 2016 was a standard year from the point of view of irrigation since it was possible to give to the plants all the water they need. Accordingly, two different situations were studied along 25 years (the period of warranty of the PV modules, normally used for PV investments): Case study A considers that all the 25 years were equal to 2016, while case study B is a combination of 2016 and 2017 data and considers that each five years there was a year like 2017 and the remaining ones were like 2016. As pointed out in [65] , in one out of 10 years, in semi-arid areas, there was a drought event caused by seasonal rainfall below minimum seasonal plant water requirement. This means that case study A can be seen as an optimistic solution and case study B as a pessimist one.
The economic feasibility study was carried out based on four different indicators: The net present value (NPV), the internal rate of return (IRR), the payback period (PBP), and the levelized cost of energy (LCOE).
Net Present Value, Internal Rate of Return, and Payback Period
To estimate the NPV, the IRR, and the PBP for an investment, the annual cash flows (CF) need to be calculated for the whole lifetime of the system. In this study, profit is the economic savings derived from reducing diesel consumption due to the use of the PV system. In other words, the viability of the PV system was evaluated in terms of the variation in the CF before and after the installation of the PV generator. CF for the year, n, is given by:
where IIC is the initial investment cost also known as CAPEX-capital expenditures, S n is the annual savings by not using the diesel generator, OPEX (operating expense) is the annual operational expense, and DI is the debt interests. In more detail, the S n is given by:
where PVE n is the energy that, after the installation of the PV system, is not consumed by the diesel generator, and CEC n is the annual price of the diesel. CEC n is calculated by the following equation:
where h is the inflation rate and s is an additional spread. This spread is applicable over the diesel price to reflect the most exact price evolution of this commodity throughout the 25 years. Regarding the OPEX, costs related to the maintenance, insurance, and security costs associated only to the PV system were considered. Finally, to calculate the DI, the following equation was used [66] :
where CR is the capital repayment and it is associated with the loan maturity (l) that in this case, was considered as six years. D is the debt ratio that was considered 70% and the CR is given by the following equation [66] :
The variation in CF for the year, n, when substituting the diesel energy (∆CF n ) is given by the following [66] :
where r (the real interest rate) can be calculated by the following equation [66] :
where i is the interest rate. With the ∆CF n , it is possible to calculate the NPV (Equation (18)) [66] . The NPV is the sum of all the cash flows discounted to the present using the time value of money [66] . If the NPV is greater than zero, it is expected that value will be created for the investor. If it is less than zero, it is expected that value will be destroyed for the investor:
Finally, it is possible to calculate the IRR as well as the PBP. The first one is defined as the real interest rate that would make the NPV equal to zero after the 25 years of the lifetime of the project (i.e., the real interest rate at which the initial investment is returned at the end of the lifetime of the project). The PBP is defined as the number of years (n) for which NPV is equal to zero (i.e., the period required for the initial investment to be returned with the present value of cash flow, disregarding the real interest rate).
Levelized Cost of Energy
The levelized cost of energy (LCOE) is the most common indicator used by entities to compare different energy technologies. According to [67] , the sum of the annual values of the LCOE (LCOE n ) multiplied by the energy generated annually (E n ) should be equal to the sum of the values of the costs of the project (see Equation (19) ):
If we rearrange Equation (19) [67, 68] , assuming a constant value per year, the LCOE is given by the following equation:
Costs n (1+r)
where the numerator is the total lifecycle cost of the system and the denominator, the lifetime energy production. Based on this equation, we can calculate different LCOEs for each energy source. For a PV application (LCOE PV ), we consider the costs as the following:
In the case of a hybrid system, the LCOE of the system (LCOE CS ) is given by:
where PE n is the energy consumed by the diesel generator. On the other hand, the LCOE of the previous system (LCOE PS ), in this case, the only-diesel system, is calculated as:
It can be observed that, in the previous system, the total energy provided by the diesel generator is the addition of PVE n and PE n . Table 10 includes the main economic data used in both study cases. The IIC of the system was 170,277.03 € (1.22 €/Wp), while the OPEX at year zero (OPEX 0 ) was 3064.8 €. The values for h [69] and i [70] are the average value along the last 10 years, r is calculated based on these two values and s is an estimated value based on information obtained from the different end-users. It can be seen in Table 11 that the economic results are very interesting: An IRR of 15 and 13%, a PBP of 8.8 and 10.1 years (less than half of the lifetime of the system), and an LCOE cs of 0.12 and 0.15 €/kWh in case studies A and B, respectively. The LCOE of the only-diesel system, LCOE PS , was 0.32 €/kWh, which means that the savings were 61% in case study A and 53% in case study B. 
Results
Conclusions
Technical solutions to enlarge the power of PV irrigation systems were developed and applied to the design of a 140 kWp hybrid PV-diesel system for the drip irrigation of 195 ha of olive trees in Portugal. The solutions, design, and the performance evaluation of this large-power system was presented in this paper.
The design paid particular attention to the problem of integrating the PV novelty into the already existing diesel (a 250 kVA generator), pumps (two 45 kW), and pipe network facilities. Consequently, the system design adheres to three main considerations: Preservation of the existing facilities and irrigation scheduling; addition of a new pump and one horizontal axis tracked 140 kWp PV generator; and implementation of three different operation modes, "Only PV", "Hybrid" PV-diesel, and "Only Diesel", which are automatically controlled in accordance with the available PV power.
A set of indices for evaluating the performance of hybrid PV systems was proposed. The PR of the PV system was factorized to distinguish between the losses associated to the technical quality of the PV components and the losses associated to other external circumstances, like the irrigation period of the crop, the design of the pre-existing irrigation system, and external factors associated to water availability and the behaviour of the irrigator. Target performance values were established by means of a simulation exercise carried out for two different water availability scenarios to consider periodic events of a lack of water. In the optimistic scenario, the percentage of use of the PV electricity regarding the total energy consumption, PVS H , was 67% while in the pessimistic scenario, it was 88%. The standard performance ratio was 0.37 and 0.15, respectively. The values of the performance ratio
